The hydrogen-bonded systems formed between monocarboxylic acid derivatives and the trinuclear arene-ruthenium cluster cation [H 3 Ru 3 (C 6 H 6 )(C 6 Me 6 ) 2 (O)] + (1) have been studied in solution by cold-spray ionisation mass spectroscopy (CSI-MS) and in the solid state by single-crystal X-ray structure analysis of the tetrafluoroborate salts. The presence of 1:1 (acid:cluster) adducts in acetone solution has been clearly demonstrated by CSI-MS. Single-crystal X-ray structure analyses of selected acid-cluster complexes show that in every case the hydroxyl of the acid function interacts strongly with the l 3 -oxo ligand of cation 1, the O Á Á ÁO distance ranging from 2.499(9) to 2.595(11) Å .
Introduction
Cold-spray ionisation mass spectroscopy (CSI-MS) has been used to investigate the solution structure of primary biomolecules [1] , labile organic species [2] , asymmetric catalysts [3] , and supramolecules [4] . The method allows the rapid and precise characterisation of compounds possessing non-covalent interactions such as hydrogen-bonds.
Recently, we have shown the l 3 -oxo-capped cluster cation [H 3 Ru 3 (C 6 H 6 )(C 6 Me 6 ) 2 (O)] + (1) to possess inter-esting host-guest properties [5] [6] [7] . Single-crystal X-ray structure analyses show that the l 3 -oxo ligand is a strong acceptor to form hydrogen bonds, and that the hydrophobic pocket spanned by the three arene ligands acts as a bowl to host different molecules in the solid state. For example, in the presence of benzoic acid, the phenyl group is incorporated in the hydrophobic pocket of the cluster, whereas the hydroxyl group of the acid function is hydrogen-bonded to the l 3 -oxo ligand of a neighbouring molecule [7] , see Scheme 1. However, little is known if such interactions remain in solution.
Therefore, we were interested to investigate the binding properties of 1 in solution with various monocarboxylic acids by CSI-MS. In order to confirm l 3 -oxo Á Á Á acid hydrogen bonding, single-crystal X-ray structure analyses of selected acid-cluster complexes have been performed. [7] . However, in solution, the only evidence for interactions between the complex and guest molecules was an electrospray ionisation mass spectrometric study which showed 1 to form an adduct with a benzene molecule [8] . By NMR spectroscopy no interaction could be observed between 1 and benzoic acid, even at low temperature, the signals of the benzoic acid remaining unchanged in the presence of 1 [9] . Therefore, we were interested to investigate the presence of hydrogen bond interactions in solution by CSI-MS. We carried out a series of CSI-MS measurements of mixture of monocarboxylic acids with [1] [BF 4 ] in acetone.
Results and discussion
The monocarboxylic acid derivatives used for the present study are presented in Scheme 2; benzoic acid (A), 4-bromobenzoic acid (B), 3-bromobenzoic acid (C), 2,5-dibromobenzoic acid (D), 3,5-dichlorobenzoic acid (E), 4-methoxybenzoic acid (F), cyclohexanecarboxylic acid (G), 2-naphtoic acid (H) and mandelic acid (I).
Cold-spray ionisation mass spectroscopy
In order to optimise the signal of the ion peak of the adduct products, we first measured in the full mass range a 10: [7] . Therefore, we can assume that the same weak interactions by means of which the chloroform molecule is hosted in the hydrophobic pocket of 1, found in the solid state, persist also in solution.
In a typical experiment, 1 lmol of [1] [BF 4 ] was dissolved in acetone (3 mL) with 10 lmol of the acid, after complete dissolution of the products, the solution was injected at -20°C by syringe pump in the cold-spray ion source. The mass spectrum measurements were performed with a sector (BE) mass spectrometer (JMS-700, JEOL) equipped with a CSI source. In all cases a major peak at m/z 725 corresponding to [H 3 
Structural studies
To gain further insight in the binding mode of 1 with monocarboxylic acid, we attempted to crystallise [1] [BF 4 ] with the same series of monocarboxylic acids. In most cases no crystalline compounds were obtained. However, with 4-bromobenzoic acid, 3,5-dichlorobenzoic acid, 4-methoxybenzoic acid, and 2-naphtoic acid, crystals containing a guest molecule were isolated. Crystallographic details are summarised in Table 1 . The crystal structure of 1 with benzoic acid has been reported previously [7] .
The crystallisation of [1] [BF 4 ] with 4-bromobenzoic acid (4-BrC 6 H 4 COOH) in an acetone solution gives the host-guest complex [1] [BF 4 ] AE 4-BrC 6 H 4 COOH. The phenyl ring acts as a guest molecule inside the hydrophobic pocket, while the carboxylic acid function interacts with a l 3 -oxo ligand of a second cluster cation, thus giving rise to a head-to-tail host-guest chain. The atoms numbering scheme of [4-BrC 6 H 4 COOHC1] + is presented in Fig. 2 .
The geometry and packing arrangement in the crystal is very similar to the one observed for [C 6 H 5 COOHÌ1][BF 4 ] [7] . The p-bromobenzoic acid, like the benzoic acid molecule, is incorporated inside the hydrophobic pocket. The phenyl ring interacts weakly with the host molecule only by hydrophobic and van der Waals contacts. The angle formed by the C 6 plane and the Ru 3 plane is 82.03(7)°, the guest molecule being held almost upright in the hydrophobic pocket. On the other hand, the acid function allows the guest molecule to form hydrogen bonds. Indeed, in the solid state, a strong hydrogen bond with the l 3 -oxo ligand is observed. The O Á Á Á O distance is 2.541(3) Å with an O-H Á Á Á O angle of 167.7°, thus forming a host-guest-host infinite one-dimensional chain, see Fig. 3 .
In the crystals obtained with 3,5-dichlorobenzoic acid (3,5-Cl 2 C 6 H 3 COOH), no guest molecule was observed in the hydrophobic pocket of the cluster cation 1. Instead, a methyl group of symmetry related neighbouring cluster cation is directed in the hydrophobic pocket of 1. The distance between the methyl carbon and the Ru 3 plane is 3.991(9) Å . The atoms numbering scheme of [1] + AE 3,5-Cl 2 C 6 H 3 COOH is presented in Fig. 4 .
As expected, the acid function forms a hydrogen bond with a l 3 -oxo ligand. The O Á Á Á O distance is 2.499(9) Å with an O-H Á Á ÁO angle of 157.6°. The carbonyl group of the acid function interacts with a chloroform molecule, the C Á Á ÁO distance is 3.21(2) Å with a C-H Á Á Á O angle of 155.1°. In the crystal, two independent slipped-parallel p-stacking interactions are observed, one involving the phenyl ring of the Cl 2 C 6 H 3 COOH and a hexamethyl benzene ligand (centroid Á Á Ácentroid 3.92 Å ), the second between two symmetry related hexamethyl benzene ligand of 1 (centroid Á Á Ácentroid 4.11 Å ). These interactions are summarised in Fig. 5 . The distance observed between the p-stacking interacting systems are slightly longer than the theoretical value calculated for these stacking modes [10] .
Surprisingly, addition of 4-methoxybenzoic acid (4-MeOC 6 H 4 COOH) to an acetone solution of [1][BF 4 ]
gives rise to the formation of [ Fig. 6 . As observed in the crystal structure of [1] [BF 4 ] AE 3,5-Cl 2 C 6 H 3 COOH, a methyl group of a neighbouring cluster molecule is slightly incorporated in the hydrophobic pocket. The distance between the methyl carbon and the Ru 3 plane is 3.96(1) Å .
Finally, with 2-naphtoic acid (2-C 10 H 7 COOH), the l 3 -oxo ligand is also hydrogen-bonded to the acid Fig. 7 . Interestingly, the 2-naphtoic acid is nested between four cluster molecules, see Fig. 8 . The end of the 2-naphtoic acid, opposite to the acid function, pointed in the hydrophobic pocket of a cluster cation, the closest carbon-carbon distance being 3.660(9) Å . Two closed parallel p-stacking interactions, with carbon-carbon distances as closed as 3.385(9) and 3.440(9) Å , generate a very compact packing within the crystal. Preparation of [1] [BF 4 ] AE 2-C 10 H 7 COOH: To an acetone solution (3 mL) of [1] [BF 4 ] (1 mg) is added 2-naphtoic acid (1 mg). The mixture is left slightly opened overnight, and two days later small red blocks are observed.
Experimental

General remarks
X-ray crystallographic study
The data were measured using a Bruker SMART CCD diffractometer, using Mo Ka graphite monochromated radiation (k = 0.71073 Å ). The structures were solved by direct methods using the program SHELXS-97 SHELXS-97 [11] . The refinement and all further calculations were carried out using SHELXL-97 SHELXL-97 [12] . The H-atoms were included in calculated positions and treated as riding atoms using the SHELXL SHELXL default parameters. The non-H atoms were refined anisotropically, using weighted fullmatrix least-square on F 2 . In 
